The Zafarraya Basin is one of the intramountain Neogene basins of the Betic mountains (Southern Spain) located in one of the regions with the highest hazard level in the Iberian Peninsula. In this paper we use the indirect boundary element method (IBEM) to compute the 3-D ground motion of the Zafarraya Basin under incident P and S waves. We solve the linear system of equations obtained in the IBEM by using a partition matrix method that has been found more efficient than the classic L · U decomposition used in previous works. Our results show that the horizontal displacements are greatly amplified both in amplitude and duration in those components where direct motion exists (radial for P and SV waves, and transverse for SH waves). In any case, the other horizontal displacements where no direct motion exists are not negligible. The most important amplifications are produced at the south of the Zafarraya Basin, where two features characterize these sites: first the depth of the basin is the largest, and second, these locations are near the end of the basin where a very steep boundary exists. Some of the waves that have produced the increase in duration have been interpreted as surface waves, which in some cases provide characteristic polarization patterns.
I N T RO D U C T I O N
Throughout history, many of the earthquakes known as destructive have been influenced by site effects often combined with the effects of finite-extent sources. Some notable examples are: the Andalusian earthquake of 1884 near the Zafarraya Basin (Southern Spain); the San Francisco (USA) earthquakes in 1906 and 1957; those of Kanto, Tonankai, Niigata and Kobe (Japan) in 1923 , 1944 , 1964 the earthquakes of 1957 the earthquakes of , 1975 the earthquakes of , 1985 the earthquakes of and 1989 in Caracas (Venezuela) in 1967; and in Blackish Hill (USA) in 1989. These local effects can produce large spatial variations of seismic ground motion and structural damage when lateral irregularities of the soil exist, as is the case for sedimentary basins.
Once these kinds of seismic local effects were identified as the causes of great damage around the world, the International Association of Seismology and Physics of the Earth's Interior (IASPEI) and the International Association for Earthquake Engineering (IAEE) formed a Joint Working Group on the Effects of Surface Geology (ESG). This group proposed that a set of international 'blind' prediction experiments were the best way to assess the various methods used to predict local effects. The first experiment was performed using weak motion data recorded at Turkey Flat in California (USA). The second one was conducted using weak and strong motion data from the Ashigara Valley (Japan). The results of both experiments were presented in the International Symposium on the effects of surface geology on seismic motion held in Odawara (Japan) in 1992 (IASPEI-IAEE Joint Working Group on ESG 1992). The second, and actually last, ESG Symposium was celebrated in Yokohama (Japan) in 1998. In this Symposium, the recent studies taking in this topic since 1992 were summarized (IASPEI-IAEE Joint Working Group on ESG 1998). The meeting was also focused on comparing the prediction methods and the results through the simultaneous simulation of ground motion for the Kobe earthquake using common data distributed prior to the Symposium.
In order to obtain a good characterization and understanding of the seismic response of sedimentary basins, both experimental and numerical analyses have been used in last years. One recent paper dealing with observational studies concerning site effects is that of Chávez-García et al. (2002) using a high quality data set from a temporary digital seismograph network in a small alluvial basin in New Zealand. These authors observed locally generated surface waves which propagated in stable directions inside this valley. Chávez-García et al. (2002) concluded as necessary the improvement of the knowledge of 3-D site effects, provided by the geometry of the basin, to incorporate them into the building codes. In other work, Rovelli et al. (2001) studied the seismograms recorded in a threecomponent array deployed in the Colfiorito Basin (Central Italy). They observed 1 s coherent wave trains which were interpreted as locally generated surface waves that were diffracted from the nearby basin edges, and proposed that the 3-D numerical modelling of wave propagation will help to understand the observations and to solve the uncertainties that still remain.
Several numerical techniques for the estimation of the seismic response in complex geological configurations have been recently developed. The flexibility and versatility of these techniques have increased following the improvement of the computational sys- tems, and they altogether have allowed the use of 3-D geometries to model several sedimentary basins around the world: Olsen & Archuleta (1996) and Olsen (2000) used finite-differences to simulate ground motion in the Los Angeles Basin; Olsen et al. (1995) studied the propagation of P waves in the Salt Lake Basin; Frankel & Stephenson (2000) computed ground motions in the Seattle region with the finite-differences method; and Gil-Zepeda et al. (2002) used the indirect boundary element method (IBEM) to calculate the 3-D seismic response of the Granada Basin (Southern Spain).
In this work, we use the IBEM to simulate the propagation of seismic waves in a 3-D model of the Zafarraya Basin (Southern Spain) (see Fig. 1 ). This basin is located in one of the regions with the highest hazard level in the Iberian Peninsula as shown in the Spanish Seismic Building Code (Norma de Construcción Sismorresistente NCSE-94 1995) . Available historical records indicate that in the last 2000 yr the south of the Iberian Peninsula has been affected by major earthquakes with MSK intensities from VII to X (Reicherter, 2001) .
Large amplifications that can be attributed to site effects have been observed in the basin (Morales 1991) . To analyse its response we study the amplification patterns and the peak-ground-motion calculated at the free planar surface of the model of the Zafarraya Basin. We use polarization patterns and two profiles (labelled as A-B and A -B in Fig. 1 ) to illustrate part of the effects of the sedimentary basin.
T H E Z A FA R R AYA B A S I N
The Zafarraya Basin is one of the intramountain Neogene basins of the Betic mountains, and is more precisely located at the most southern sub-Betic sector. The shape of this basin follows a general NW-SE trend as can be observed in Fig. 1 . The geology and geological evolution of this sedimentary inclusion has been the subject of various works (see Morales et al. 1991 , and references therein), and in particular, the 3-D basement geometry of the basin was defined by Morales (1991) by means of the interpretation of resistivity changes previously carried out by Chirlaque et al. (1987) .
Southern Spain has the highest seismic hazard in the Iberian Peninsula, as shown in the maximum horizontal acceleration map for a return period of 500 yr (Norma de Construcción Sismorresistente NCSE-94 1995), with maximum values around 2.45 m s −2 . This seismic hazard is a consequence of the collision between the Euroasiatic and African plates on a regional scale. Most of the seismic energy is released by earthquakes with magnitude less than 5.0; however, catastrophic earthquakes occurred in the past. In fact, one of the most destructive earthquakes in Spain occurred on 1884 December 25 along the Ventas de Zafarraya Fault (VZF) located in the Central Betic Cordilleras. The normal VZF cuts the contact between the Alboran and the South Iberian domains in the Betic Cordilleras and the most important deformations and secondary features, such as landslides and liquefaction, are related to the activity of the VZF (Reicherter et al. 2002) . This great earthquake, known as the 'Andalusian earthquake' was near Alhama de Granada, in the north-east of the Zafarraya Basin (see Fig. 1 ), and produced large damages throughout the region having an epicentral intensity of I 0 = X (Vidal 1986) . From the point of view of the seismic hazard, local effects have been studied by Morales et al. (1991) by means of a microtremors analysis. These authors showed that the dominant frequency of the basin was almost constant near 2.8 Hz (with small variations between 2.5 and 3.5 Hz), independently of the depth of the sediment at each point. They concluded that it is impossible to predict the seismic response using 1-D models and proposed that the response had to be controlled by the 2-and 3-D geometry of the basin. Luzón (1995) used a 2-D profile of the Zafarraya Basin to model numerically its seismic response under the incidence of plane waves and obtained a good qualitative agreement with the results of Morales et al. (1991) . Luzón (1995) concluded that the amplifications observed by Morales et al., at different positions, were related to the surface waves generated at the edges of the basin. On the other hand, Schenková & Zahradník (1996) used the finitedifferences method to calculate the transfer functions at various 2-D models of Zafarraya Basin under incident plane waves, and found that the observed features by Morales et al. (1991) could be explained satisfactorily by a 2-D model with a horizontally layered basin fill. Until now, no specific experiment has been done to determine the elastic properties of the Zafarraya Basin such as seismic wave velocities, rock densities, etc. Nevertheless, the materials which form this basin and the surrounding bedrock are known from field observations (Morales 1991) . These observations propose that the bedrock is a carbonate rock, whereas great part of the filling of the basin is composed by clay marl sediments. The physical properties for our 3-D model correspond to those used in the previously cited work of Schenková & Zahradník (1996) for this kind of materials in the Zafarraya Basin (Table 1) .
To account for anelastic attenuation we have set constant quality factors (Q α,β ) equal to 150 for P-and to 100 for S-waves in both the hard rock and the basin. The value for Q β has been adopted regarding the models of Q for S waves proposed by Canas et al. (1988) , for the south of Spain, who used a generalized inversion technique applied to the attenuation of Rayleigh waves. As a result of the uncertainty on Q α we selected the above value taking into account that its higher limit was that provided by the expression
which corresponds with the case when the energetic losses in dilatation are negligible compared with those in shear (Kennett 1983) .
S H O RT D E S C R I P T I O N O F T H E I B E M
The IBEM, based on the boundary integral representation of displacements and tractions, formulates the problem of the diffraction and refraction of elastic waves in terms of boundary-force densities.
Consider an alluvial valley R on the surface of a half-space which is named the external region E. Assuming harmonic excitation, the refracted displacement component u r i (x) inside the basin can be expressed as (see Sánchez-Sesma & Campillo 1991) 
where G R ij (x, ξ ) = Green's function of the elastic region R (the Green function is the displacement produced in the direction i at x due to the application of a harmonic unit force at the point ξ in the direction j), φ R j (ξ )= force density in the direction j at ξ and S R = boundary of region R. In this equation and hereafter the explicit frequency dependence e −iωt is omitted. The total wavefield in the half-space is the sum of the so-called free-field and diffracted wave
where u (0) i (x) = displacement associated to the free-field, i.e. the motion in absence of any irregularity, which includes incident and reflected waves by the half-space free surface, u (d) i (x) = displacement produced by the diffracted waves, and G E ij (x, ξ ) = Green's function of the region E. Tractions can be obtained by direct application of Hooke's law and by equilibrium considerations around an internal neighbourhood of the boundary as,
where T ij (x, ξ) = traction Green's function; k is equal to zero if xis not at the boundary of the elastic space, and equal to 1/2 or −1/2 if x tends to the boundary from inside or outside of the space, respectively. Eq. (4) is used to compute the tractions for both media: the half-space E (plus incident traction one), and the sedimentary basin R.
Boundary conditions
Boundary conditions are established by considering that tractions equal zero on the free surface and the continuity of displacements and tractions at the common interface between both media. The continuity of displacements and tractions can be expressed by the following equations:
that is
for the displacements, and
for the tractions. On the other hand, zero tractions on the free surface of the basin and of the half-space, provide the next equations,
for the free surface of E, and
valid on the free surface of R. Eqs (6), (8), (10) and (12) form a linear system of integral equations for boundary sources, i.e. those producing the diffracted and the refracted fields. The discretized versions of these equations, as shown in the next section, provide a system of linear equations that once is solved, the diffracted and refracted displacement fields at any point inside and outside of the sedimentary inclusion can be computed.
Discretization of the surfaces
Consider that M, L and K are the number of elements in the discretized part of the flat surface of the half-space E, the common interface shared by the spaces E and R, and the free surface of region R, respectively. It becomes clear that the total number of equations is 3M + 6L + 3K , which is the same as the number of unknowns, φ
. If we assume that the force densities φ
R,E i
are constant over each of the boundary elements, it is possible to discretize the system of integral equations, as discussed in the precedent section, to construct a system of linear equations. In order to clarify these ideas, let us consider the discretized versions of the diffracted displacements and tractions. The displacements can be expressed as
with N = M + L and
The tractions are represented as
where
and δ ij is the Kronecker delta. The integrals in eq. (14) are computed numerically with a Gaussian integration rule, except in the case when x is in the neighbourhood of ξ l , for which analytical expressions can be obtained (for more details see Sánchez-Sesma & Luzón 1995, hereafter referred to as SSL). The integral in eq. (16) can be also computed numerically by using Gaussian integration, except when x n = ξ l . In this case, we have
Let us express eqs (6), (8), (10) and (12) in terms of the discretized versions of the displacements and of the tractions as defined in (13) and (15). In this way, boundary conditions lead to the following linear system of equations
where N = L + K . After solving this system, we are able to compute the diffracted and refracted displacement fields by using again the discretized representation of the displacements in each space. The accuracy of this approach has been verified by SSL where analytical expressions of the Green functions in the 3-D full space can be found as well. The IBEM seems to be a very efficient method as the only approximation involved for its implementation comes from the discretization stage, and any irregular geometry can be handled as well as any type of incident wave. We have discretized all the surfaces evolved in the problem dynamically, that is we did not set a unique discretization, but we did a discretization process for each frequency computed, in such a way that we always had at least 4.5 boundary elements per wavelength of S waves in each space. As a result of the surface geometry of the basin, the flat free surface of the bedrock was discretized up to distances r, from the centre of the model, smaller than
In this ellipsoidal constrain, x and y correspond to the East and North directions, respectively, and a = 8 km, and b = 5 km.
T H E M AT R I X S TAT I C C O N D E N S AT I O N A L G O R I T H M
In order to reduce the floating-point operations and storage requirements involved by the IBEM we use the matrix static condensation algorithm (MSCA). Let us express eqs (17), (18), (19) and (20) in the following matrix form 
where each block 0
is a zero submatrix, and every term 0 M E and 0 K R is a zero subvector. Note that when solving this linear system of eq. (23) the number of elements that has this matrix is [(3M + 6L + 3K )]
2 . This can be resolved for example using an L · U decomposition (see e.g. Press et al. 1992) as was done by SSL who calculated the response of 3-D alluvial basins up to relatively low frequencies.
However, in this kind of problems the size of the coefficient matrix, corresponding to the linear system, grows with the square of the frequency, and therefore the computational requirements can be too large for some real sedimentary deposits. The paper of OrtizAlemán et al. (1998) worked along this line, and using a threshold criteria in which the contributions from the boundary elements located outside a distance ratio from the point of tractions evaluation were removed, the full matrix was converted into a sparse one. After, using a biconjugate gradient approach reproduced the results of Luzón et al. (1997) who studied the diffraction of P, S and Rayleigh waves by 3-D topographies.
With the algorithm used in this work, the linear system of equations written above becomes into several small linear systems of equations that can be solved with less amount of memory than the original system. The MSCA is based on an implicit factorization of the coefficient matrix by taking advantage of the structure of the matrix and taking out the zero blocks from the computations. Let us define the following matrices
In this way, we can use the third and fourth block-rows of the system presented in (23) to obtain
which can be used to calculate φ M E and φ K R once known φ L E and φ L R . Defining now the following matrices
it is possible to express the first and second block-rows of the system (23) as
This is a new compact system of linear equations with only 6L unknowns. Once resolved, the final step in the algorithm consists in the computation of the already unknown vectors, φ M E and φ K R using eqs (26) and (27) . The system of eqs (32), that is now resolved using the L · U decomposition, is the greatest system that it is necessary to calculate with the MSCA, and therefore the memory requirements of the computer used are lower. For example, in the Zafarraya Basin the full matrix corresponding to the frequency of 1.004 Hz requires around 1372 Mb, whereas the matrix in (32) used with the MSCA need only 441 Mb. In fact, with this algorithm it is possible to compute, with the same RAM and with the same 3-D problem, the solution corresponding to approximately twice the highest frequency calculated using the system of (23) and preserving the same accuracy as resolving this full system.
R E S U LT S F O R T H E 3 -D Z A FA R R AYA B A S I N M O D E L
We computed, in the frequency domain, the seismic response of the Zafarraya Basin for 90 frequencies up to 1.335 Hz, for incident P, SV and SH plane waves with an azimuth angle φ = 60
• . The first results that we present here are the amplification patterns for incident SH waves. We have selected an incident angle of 30
• with respect to the vertical. The results can be seen in Fig. 2 , for the three components of the displacement: radial, transverse and vertical components. These plots correspond to the displacements produced in the free surface when an incident SH wave with amplitude equal to one is considered. Therefore, for the transverse component of the displacement in the free surface of the half-space, the amplitude of the observed motion is approximately twice the incident one, as is expected.
For the sake of comparison, the amplification patterns for the selected frequencies (0.602, 0.909 and 1.19 Hz.) are displayed at the same range of amplitudes for each component. Note that the 3-D response of Zafarraya Basin is more complex than the obtained using 1-or 2-D models. As is known, the radial and vertical components in 1-and 2-D models are equal to zero, whereas our 3-D results show that the vertical displacement is comparable to the amplitude of the incident-transverse one, and that the radial is almost twice at 0.909 Hz over the southern part of our model. Moreover, in the radial motion, the amplification of the soil motion rises to the value of 8 at the frequency of 1.19 Hz inside the basin. On the other hand, for the transverse component the basin produces large amplifications. In particular, for the frequencies of 0.909 and 1.19 Hz the amplification reaches up to nearly 12 times the amplitude of the incoming wave at those places where the depths of the basin are larger, whereas the 1-D response for a flat layer without damping predicts a maximum amplification equal to 2 times the impedance contrast, that is 2 · 3.66 = 7.32. In order to simulate ground motion with the time we used the FFT algorithm to compute synthetic seismograms on the free surface of the model. The input source function used was a Ricker wavelet, which waveform has a temporal dependence given by
where t p = characteristic period and t s = time-lag, that is, the time at which the minimum of the wavelet reaches the origin of the reference system. In our computations we used a t p = 1.5 s (or characteristic frequency of 0.6666 Hz) and t s = 20 s. Using these results, we have calculated the peak-ground-motion in the case of the incidence of P waves coming from the north-east and with an incidence angle of 30
• relative to the vertical. This is shown in Fig. 3 , where the maximum absolute values of the radial displacement can be observed. The strongest ground motion is found at sites where the basin is deeper and about its centre. This effect is more prominent for the radial component than for the vertical and transverse ones (not shown here). The same type of results for incident SV waves with the same incident angle of 30
• are shown in Fig. 4 . The amplifications for the SV incidence are greater than those produced by the longitudinal waves. Anyway, the zones where the motion is more amplified inside the basin are the same for both P and SV waves. For a better understanding of the behaviour of our 3-D model for these incident SV waves, we represent in Fig. 5 the horizontal particle trajectories in an array of selected points inside and outside the sediments for the whole time history. Also it is noted that the projection of particle motion of the incident wave for reference. These plots are known as polarization diagrams or hodograms. At those places where the basin has greater depths the horizontal polarization patterns shows a little rotation with more amplitudes in the radial direction of the incident wave. The rotation of the horizontal motion of a particle has been observed in México city using real records, and has been interpreted as being due to the interference of locally generated surface waves at México valley (Sánchez-Sesma et al. 1993) . Another interesting feature corresponds to the energy in the N-S displacements observed at the stations located on the south and outside of the basin. As the direct wave produces only energy in the radial (and vertical) displacements, the amplitudes observed in the N-S displacements have to be generated by the influence of the sedimentary inclusion. In fact, the south part of the basin has a very steep slope almost with east-west direction, and it acts as a very good diffractor producing the emission of energy at least to the south. Similar effects associated with the diffraction of seismic waves by similar structures have been observed previously, as for example the generation of surface waves in a very steep interface of the Salt Lake valley, Utah (Hill et al. 1990 ). The polarization diagrams produced in the radial-vertical plane for the same receivers as in the Fig. 5 are shown in Fig. 6 . In this case the energy radiated from the basin on this plane is not only towards to the south of the half-space, but also towards the west and south-west. That is, in the contrary part where the incident waves are shooting the basin. As we can observe in Fig. 6 , the ground motion inside the sedimentary part is generally more complex than that observed on the hard rock. At those places where the model is deeper the surface displacements at the radial-vertical section are characterized by a rotation pattern of great amplitude in comparison with the observed in the particle motion of the incident wave.
In order to study the motion at the receivers of the two perpendicular profiles A-B and A -B of Fig. 1 , we computed the synthetic seismograms of vertical (V ), radial (R) and transverse (T) components of the displacement produced by the incidence of SV waves in Fig. 7 . At these synthetics some numerical noise before the incident wave is observed. Anyway, it is negligible and takes values less that 1 per cent of the maximum amplitudes in the signals. As has been observed in previous results , the maximum displacements for both profiles A-B and A -B are on the radial component and in those stations where the model has the highest depths. In these receivers and for the radial motion the signal duration is also amplified when compared with the direct incident pulse. In fact, important displacements exist even up to 26 s, which are interpreted as interferences of surface waves reflected at the edges of the basin. The energy is emitted in all directions and is detected on the vertical and transverse seismograms as well. Part of the energy on these rebounds is refracted to the hard-rock as can be observed at the stations located on the free surface of the half-space. Anyway, the amplitude of the waves emitted to the basement is low in comparison with the direct one and those that propagate inside the basin later.
C O N C L U D I N G R E M A R K S
We have computed the seismic response of a 3-D model of the Zafarraya Basin using the IBEM for incident P and S plane waves. With MSCA we solve the linear system of equations that arise in this technique. We reordered rows and columns of the matrix in order to have block matrices and found the system has a particular structure that can be easily constructed by using a static matrix condensation scheme. Some of the blocks are all zeros and can be completely eliminated in numerical computations, and therefore gives the possibility of computing higher frequencies in a 3-D problem.
In both P and S incident waves, the greatest displacements are produced on the excited component of the direct waves (radial for P and SV waves, and transverse for SH waves). This emphasizes the importance of the location of the seismic source or the azimuth of the incident waves, as the radial and transverse displacements are defined by the azimuthal angle.
The 3-D response of Zafarraya for incident SH waves produces important amplitudes over the receivers located at the south of the model in the three components of the motion and, for example, some displacements observed on the radial motion are approximately equal to the maximum expected value for the transverse component when a 1-D model of the Zafarraya Basin is used. The seismograms computed for incident SV waves show that the horizontal (transverse and radial) motion is greatly amplified both in amplitude and duration at those receivers where the depths of the basin are larger. Some of the waves that have produced the increase (*) in the duration are interpreted as surface waves and their reflections at the edges of the basin, which produce characteristic polarization patterns showing the particle rotation at both the horizontal and vertical-radial planes.
The results we had, are not only a significant contribution in the knowledge of the complex seismic response of the Zafarraya Basin, but it is of interest for other similar sedimentary basins. Of course, the seismic response of each 3-D basin has its own amplification patterns and depends strongly on the properties of the basin, such as the impedance contrast, wave velocities or the geometry of the structure, and therefore each behaviour is not quantitatively portable from one basin to other. Various features characterize the Zafarraya Basin, which could be observed in other sedimentary structures; that is, it is a medium-small basin with maximum depths approximately 200 m, with an impedance contrast of 3.66, and with a very strong slope in one edge. Qualitatively speaking, two characteristics in the seismic response have been observed in the range of frequencies dealt with in this study: first, the amplification patterns of the displacement for all the incident waves have their maximum levels at those locations where the depths of the basin are larger, and second, the very pronounced slope in the edges of the model acts as a very good diffractor producing the emission of waves inside and outside of the sedimentary inclusion.
Finally, one of the more important conclusions that we can obtain from this work is that a simple 3-D model allows us to point out important site effects that may influence the seismic motion of future earthquakes in the Zafarraya Basin up to 1.335 Hz. These results can be regarded as preliminary, but they indicate that is necessary to take into account the 3-D character of nature and should stimulate further research. Future studies have to be aimed towards the consideration of other aspects that provide a more realistic description of the seismic response of this basin: the use of nearby sources considering an appropriate rupture propagation and radiation patterns; the inclusion of a sedimentary layering in future models as was proposed by Schenková & Zahradník (1996) ; and the use of improved numerical methods to compute the solution for higher frequencies. Of course, the calibration of these and other numerical results with records obtained with permanent or temporal seismic stations is a necessary step to assess the complex response of a 3-D sedimentary structure such as the Zafarraya Basin, as has been recently pointed by Rovelli et al. (2001) .
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